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In this study, we discuss a lithium battery model based on dilute electrolyte theory 
and fast diffusion of lithium in the electrode particle and calculate some novel solutions 
tu the model. 'Ve then discuss moderately concentrated electrolyte theory and outline 
how homogenisation techniques can be applied to this theory, in combination with a 
microscalc model for lithium transport in the electrode particles in order to derive a 
Newman type model of the battery [59]. We formulate a numerical method, based on 
the method of lines in order to solve this model, and apply it to the cases of a half cell 
graphite anode and a half cell LiFePO.i cathode. In both scenarios, the results show 
very good agreement to experimental discharge curves. 
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Chapter 1 
Introduction 
The demand for more efficient renewable energy resources is rapidly growing as energy 
and environmental based issues becomes of increa<>ing concern. Lithium ion batteries 
are currently the state of art of rechargeable electrochemical storage devices. These 
batteries provide high volumetric energy densities, high cyclahility and are highly flexible 
as regards to design, size and application. They are used in many applications in portable 
electronics such as mobile phones, laptops and power tools; and are being considered 
for use in electric vehicles. Lithium ion batteries have thus gained much attention from 
researchers worldwide. Moreover, the development of lithium batteries has become a key 
focus for researchers in automotive companies who are investigating their use in hybrid 
electric vehicles (HEV), plugin hybrid vehicles (PHEV), and purely electric vehicles 
(EV); the markets for all of which arc expected to grow imbi-;tantially in the future 
years. 
1.1 Lithium batteries as energy storage solution 
The lithium ion battery is one of the most successful electrochemical batteries and billion 
of these cells are produced every year. They provide rechargeable energy storage at high 
energy density, with no memory effect, and slow loss of charge when not in use [11]. 
They are of growing interest to the automotive industry, amongst others. Thus, there 
is a 'hig drh·e to increase their efficiency, i:;torage performance and the speed at which 
they can be charged and recharged. r-.Iany approaches have been taken to simulate the 
operation of such devices in order to better understand their behaviour. 
The Lithium ion cell consists of four parts, namely (I) the anode which is comprised 
of negative electrode particles, (II) the cathode which is comprised of positive electrode 
particles, (III) the separator that lies between the electrodes (this is a porom; insulator 
that prevents direct electrical contact between the electrodes \\·hile allowing passage of 
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Chapter I Introduction 
Figure 1.1: A schematic diagram of the Lithium Ion Battery during discharge 
[59]. The current flowing out of the positive electrode drives the extraction of 
lithium ion from negative electrode (anode) particles to the electrolyte across 
the porous separator (by diffusion and advection) into the positive electrode 
(cathode) and insert into the positive electrode (cathode). The charge of elec-
trons are moving from the negative electrode particles to the negative electrode 
cmTent collector and from the positive electrode current collector to the positive 
electrode particles. 
the electrolyte) and pV) the Lithium ion electrolyte which transports ions (and thus 
charge) between the anode and cathode. A schematic diagram of such a cell (<luring 
discharge) is shown in Figure 1.1. At the outer boundaries of electrodes there are current 
collectors (charge collectors) that connect to an external circuit. 
During discharge, Lithium diffuses through the negative electrode (anode) particles to 
the solid-electrolyte interface where it undergoes a charge transfer reaction (refer Figure 
1.1) in which a Lithium ion (Li+) is released into the electrolyte and an electron (e-) 
is released into the electrode pmticle (de-intercalation). The Lithium ion adveets, et ml 
diffuses, through the electrolyte solution to the positive dl'ctrode (cathode). A similar 
reaction occurs 011 the surface of a positive electrode (cathode)_particle in which the 
Lithium ion is absorbed into the electrode particle (by a process known as intercalation) 
and takes up an electron from the· ekedrode as it does so. The negati\·e ious (N-), 
on the other hand, remain in the electrolyte throughout. Thus the Lithium ions (Li+) 
carry all the charge through the electrolyte (and separator diaphragm) from the anode 
to cat ho<le. Typically, the reaction rate on an electrode particle surface depends upon 
the lithium concentration on the ek'ctrode surface, the lithium ion concentration in tlw 
adjacent electrolyte. and the potential drop between the electrode and electrolyte [36]. 
\Yhen the cell is charging, the process is reversed: an external electrical power source 
(the charging circuit) applies a higher volt.age than that produced by the battery, forcing 
Chapter 1 Introduction 3 
current to pass in the reverse direction. The Lithium ions then migrate from the cathode 
to the anode, \\·here they become embedded in the electrode material (intercalation). 
The anode and cathode materials are selected so that the anode preferentially gives up 
electrons (and thus also lithium ions), and the cathode preferentially accepts electrons 
(an<l thus lithium ions). The tendency of a material to give up or accept electrons is 
determined by its standard electrode potential. The difference in the standard electrode 
potential of the anode and the cathode gives the voltage of the cell at equilibrium (the 
potential difference between the current collectors). The equilibrium potential is the 
difference between the electrical potential of the two current collectors when no external 
electric current flows between them. It is a function of the electrode materials used. 
In the following sections, an overview of battery materials for Lithium ion rechargeable 
batteries is provided. 
1.2 Battery materials for Lithium ion batteries 
Typically, both electrodes (anode and cathode) in a lithium ion battery are intercalation 
compounds, that is, they have a lattice structure in which small atoms, such as lithium, 
can be inserted and extracted. In contra.'lt, the electrolyte allows the flow of electrical 
charge (in the form of lithium ions) between the anode and cathode. This section reviews 
battery materials for anodes, cathodes and electrolytes. 
1.2.1 Desirable electrode and electrolyte properties 
In designing a battery, the properties of dectro<le materials and electrolytes are im-
portant in order to achieve a successful cell once they arc a.5scmblc<l. They should, for 
example be chosen so that the cell is stable and safe to minimizes the risk of shoi·t circuits. 
The key requirements for a successful electrolyte are high conductivity (high mobility of 
Lithium ions), stability (at high temperatures and in high voltage application) [82], and 
safety (low flammability [10]). Electrolyte decomposition and si<le reactions in lithium 
ion batteries can create thermal runaway [11 J. Thus, the electrolyte select.ion has to 
balance between flammability and elect roehemical performance. 
Good electrode materials should ha,·e high lithium diffusivity in the host matrix; high 
electrical conductivity; stability (not change structure over many charge cycles): high 
capacity [95]; thermal stability [10], high cyclability and be non toxic and low cost [11]. 
The two electrode materials also be chosen to give the cell a high ,·oltage. The solid 
electrolyte interface (SEI layer) is another key factor that influences the performance 
of battery. The roles of this layer is to eliminate the transfer of uegati,·e ions from the 
electrolyte to the electrodes and to limit the transfer of electrons from the electrodes to 
the electrolytes [-!8]. Howeyer. the SEI layer must also be a good Lithium ion conductor. 
4 Chapter 1 Introduction 
1.2.2 The cathode material 
In 1991, the first type of cathode material to go into commercial production, \Yas cobalt 
oxide (LiCo02) [9G]. It (de)intercalates lithium ions at around 4V and bas a theoretical 
capacity of 140 mAh/g [88]. The other advanced cathode materials include lithium 
metal oxides (such as Lil\In20-i), olivines (such as LiFeP04), awl rechargeable lithium 
oxides [82]. 
In 1996, Goodenough patented a new kind of lithium ion cathode material which is iron 
phosphate LiFeP04 [65]. This material is more powerful and less likely to catching fire, 
which are important considerations for automotive applications. LiFeP04 has already 
found in many industrial applications due to its reasonable voltage of 3.5V, high theo-
retical capacity (l70mAh/g) [52], low cost, low toxicity, and high thermal stability [65]. 
Because of its potential, much research has been directed towards optimizing synthesis 
routes for LiFeP04 cathodes. A disadvantage of this material is low conductivity. How-
ever carbon coating of the electrode particles increases the conductivity of the electrode 
[47]. LiFePO-i is also thermodynamically stable [67], and its has a lattice structure so 
that the insertion/extraction lithium ions process does not change structure of the host 
material [95]. 
Lithium metal oxides contain cobalt and nickel. They show a high stability in the high-
voltage range but cobalt has limited availability in natural resources and is toxic [22]. 
l\Ianganese offers very good rate capabilities but ha." poor cycling behaviour. Therefore, 
mixtures of these three materials are often used for a good cathode !naterial. 
1.2.3 The anode material 
The commercial anode material in lithium ion batteries is graphitic carbon (LiC6 ) which 
can store up to one Li+ for every six carbon atoms in between its graphene layers. The 
material is highly conducting and supports high current densities [13]. However, the 
theoretical capacity (372 mAh / g) is poor in comparison to that of pure lithium (3,862 
mAh/g) [97] and it exhibits moderate charge/discharge rate performance which limits 
the lifetime of the cell [69]. The parameters used to increase th.e performance of this 
anode material are its thickness, and its porosity. 
Alloy anodes such as Li-Al (Lithium Aluminium) hanc high capacities but exhibits sub-
stantial volmne changes, which results in low cyclability [22]. Reducing the size of this 
electrode particles to the order of a few nanometres stops phase transitions occurring 
that typically accompany alloy formation [10] and reduces the size of the rnlume changes. 
Lithium titanate operates at a 2.4V, a voltage for which lithium ions are stable \\·ith 
respect to the electrolyte [11] (which is a requirement in this material because it does 
not form au SEI layer). _-\ disath·autage of the lithium titanate battery is lower capac-
ity and yoltage than the com·entional anode material. Silicon has an extremely high 
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capacity (4,199 mAh/g) corresponding to a composition of Si5Li22 [22]. However, the 
large volume changes that occur during the insertion and extraction processes cause 
severe cracking of the electrode, which in turn leads to very significant capacity fade 
dnring cycling [98]. The cyclahility of this electrode can he improved hy adding Ketjen-
black carbon, which gh·es a chainlike structure that maintains a stable electronic contact 
between silicon particles [98]. They can also be improved by nanostructuring [10]. 
1.2.4 The electrolyte 
Liquid electrolytes conduct lithium ions and acting as a carrier between the cathode 
and the anode. The electrolytes typically used in lithium ion cells are mainly based 
on an organic solvent based. Examples of electrolyte salts used in applications in-
clude lithium hexafluorophosphate (LiPF5), lithium hexafluoroarsenate monohydrate 
(LiAsFG), lithium perchlorate (LiCl04), lithium tetrafluoroborate (LiBF4), and lithium 
triflate (Li CF 3S03). LiCl04 provides a stable charge-discharge efficiency that increases 
the cycling capacity of the cell [10]. LiBF4 is less toxic than LiAsF6 and safer than 
LiCl04 but has only moderate ionic conductivity [47]. LiCF;~SO:~ is resistant to oxida-
tion, nontoxic, thermally ::;table, and inscn::;itive to ambient temperature in contra::;t to 
LiPF6 . However, it has low conductivity in nonaqueous solvents ns compared to other 
salts [47]. 
Currently, LiPF6 is the standard electrolyte in commercial batteries. It has qualities 
such as high conductivity, high solubility in organic solvents, and stability in the solve'nts 
mixture and on common electrode materials [22]. The organic solvent that often used 
in battery electrolyte is a mixture of ethylene carbonate and dimethyl carbonate (1 :1 
EC:D1IC). Ethylene carbonate (EC) ha.-; ability to form a good SEI layer on common 
anode materials and dimethyl carbonate (D~IC) has ability to lower the EC melting 
point [22]. In thi8 8tudy, we cho8e the mo8t common electrolyte solution, which i8 LiPFG 
salts dissolved iu a mixture of 1:1 EC:DMC. This c:ombiuatiou performs well enough iu 
current battery systems. 
1.3 Charge-transfer reaction 
The reactions in which charges are transferred across a solid electrolyte interface are 
called charge transfer reactions. Herc both electrodes arc either oxidized or reduced: 
Charge separation occurs when charge transfers across the electrode surface. The excess 
charge on the electrode surface is counterbalanced by the accumulation of oppositely 
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charged ions, on the electrolyte phase. The layer across which this charge separation 
occurs is called the electrical double layer, and is extremely thin (typically of order 
lnm) compared with the width of the electrolyte and electrodes. In its simplest form 
the double layer is described by the Helmholtz model. which describes the double layer 
as a parallel plate capacitor with a small plate separation (see Figure 1.2). In this model, 
the potential changes linearly from the electrode potential ¢s to the electrolyte potential 
dJ in a thin layer. This layer is referred to as the Helmholtz layer. 
Potential 
electrode electrolyte 
Figure 1.2: Structure of the electric double layer near a solid electrolyte inter-
face when external electric field is applied. The electric drops linearly from the 
electrode potential <Ps to the electrolyte potential ¢ in a thin layer. 
The electrical double layer translates into boundary layers in the concentration profiles . 
. Near an electrode that is negatively charged we expect an excess of Li+ ions and a 
deficit of N- ions. These differences are only expected close to the elPctrode surface, 
thus it is usual to assume charge neutrality in the bulk of the solution. Further details 
on drnrge neutrality will be discussed later. The overpotential, q77 is defined such that 
'f/ gives the change in the electrochemical potential of a Li+ between the electrolyte and 
the electrode. It takes the form 
where ¢ is the electrolyte potential, <;).- is the Solid potential and uf'IJ is the equilibrillJ11 
potential of the electrode material (qUcq is the change in che1_11ical potential of Li+ 
ion between the ckctrode and electrolyte). The eqnilibrimn potential, or open circuit 
potential, is the difference of electrical potential between the two terminals of a device 
when there is no electric current flmys between them. Usually it is measured at a ,·ery 
low discharge rate. 
1.4 Battery Tenninology 
• Capacity. The capacity is a measurement of how man~· electrons can be ex-
tracted from an electrode during each charge or discharge cycle and has unit in 
Chapter 1 Introduction 7 
milliamp hours per gram. A symbol Q is used for this parameter. This quantity is 
often normalized by mass, so that it is unaffected by the size of the battery. The 
maximum capacity of a cell is determined by the amount of charge when the cell is 
discharged at a very low rate. Current cathode materials ha\·c maximum capacities 
in the range of Qmax = 100- 200mAh/g and graphitic carbon (the most common 
anode material) which has a maximum capacity of around Qmax = 300mAh / g. 
• Specific Power. Another important parameter for battery operation is how 
much power can be provided per unit mass. This value, measured in watts per 
kilogram, is particularly important for high power applications snch as acceleration 
of electric vehicles where a large amount of energy must be provided in a short 
time. Specific power is heavily influenced by the voltage difference between the 
anode and cathode and the speed of ion transfer between the electrodes. 
• Cell Voltage. A key parameter in maximizing the specific power of a battery 
is the voltage difference between the anode and cathode. This difference is deter-
mined by the relative voltages at which the (de)intercalation reactions take place. 
In this thesis, discharge curves are plotted showing the cell voltage as a function 
of the state of discharge and at certain specific discharge rates. 
• Discharge rate, C-rate. The disc.barge rate is the rate at which current is taken 
from a cell. It is reported as a C-rate with 1 C corresponding to a battery being 
completely charged or discharged in one hour. High rate capability is essential for 
quick charging batteries and high power applications. For instance, for a battery 
with a capacity of lOOA/hours, this equates to a discharge current of lOOAmps. 
A 5C rate for this battery would be 500Amps, and a C/2 rate would be 50Amp8. 
• State of charge / discharge. The state of charge (SOC) is defined as the 
c.apacity still available in the cell. It is normally expressed ns a ratio of the rated 
capacity to the maximum capacity and a 0 SOC battery is fully discharged while a 
1 SOC battery is fully charged battery. The state of cfoidrnrge (SOD) is dc0 fi11ed as 
the ratio of battery capacity that has been discharged to the maximum capacity. 
State of charge/discharge can be calculated as the current multiplied by the time 
and divided by the maximum capacity of the cell (It/Qmax)· 
1. 5 The half-cell 
In order to test a particular electrode in the lab it is usual to perform experiments on a 
half-cell. This consists of a single electrode (working electrode eitlwr anode or cathode) 
and a pure Lithium electrode (reference electrode) as the other electrode (sec Figures 
1.3 and 1.-1). Since the dectrodwmical potential of lithium in a lithium electrode does 
not change as it charges / discharges. it also acts as a n'fere11ce electrode. Indeed in 
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charged ions, on the electrolyte phase. The layer across which this charge separation 
occurs is called the electrical double layer, and is extremely thin (typically of order 
lnm) compared with the width of the electrolyte and electrodes. In its simplest form 
the donhlc layer is dcscrihcd by the Helmholtz modeL which descrihcs the donhlc la~r 
as a parallel plate capacitor with a small plate separation (see Figure 1.2). In this model, 
the potential changes linearly from the electrode potential <Ps to the electrolyte potential 
d; in a thin layer. This layer is referred to as the Helmholtz layer. 
Potential 
electrode electrolyte 
Figure 1.2: Structure of the electric double layer near a solid electrolyte inter-
face when external electric field is applied. The electric drops linearly from the 
electrode potential ¢s to the electrolyte potential ¢ in a thin layer. 
The electrical double layer translates into boundary layers in the concentration profiles . 
. Near an electrode that is negatively charged we expect an excess of Li+ ions and a 
deficit of N- ions. These differences are only expected close to the electrode surface, 
thus it is usual to assume charge neutrality in the bulk of the solution. Further details 
on charge neutrality will be discussed later. The overpotential, q77 is defined such that 
q gives the change in the electrochemical potential of a Li+ between the electrolyte and 
the electrode. It takes the form 
where Q is the electrolyte potential, ¢ 8 is the solid potential and U"'I is the equilibrium 
potential of the electrode material ( qUP(1 is the change in chemical potential of Li+ 
ion between the electrode and electrolyte). The cqnilihrimn potential, or open circuit 
potential, is the difference of electrical potential between the two terminals of a device 
when there is no electric current flows between them. Usually it is measured at a Yery 
low discharge rate. 
1.4 Battery Tenninology 
• Capacity. The capacity is a measurement of how mauy electrous ca11 be ex-
tracted from an electrode during each charge or discharge cycle and has unit in 
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applications it is usual to define potential with respect to a lithium electrode such that its 
potential is defined to be zero. The Yoltage drop across the half cell is then determined by 
the potential of the current collector. This motivated Newman to formulate his models 
[60] in terms of a lithium reference potential rather than the real potential. Theoretjal 
treatment of half-cells include works by Newman et. al. [84] and Farrell et.al. [23]. 
Fundamental research on electrode material is usually conducted in half-cell systems. 
Figure 1.3 shows a schematic diagram of a half-cell anode and Figure 1.4 that for a 
half-cell cathode. 
Solid mterphase 
{SEI) layer 
x*=O 
Graphite 
x*=L 
Figure 1.3: Schematic diagram for typical half cell anode. The cathode material 
is a lithium-foil which is reacting as re~ereuce electrode. During discharge, 
the Lithium ions are conducted through the electrolyte solution to the lithium 
electrode. Here x* = 0 is the anode current collector and x* = Lis the separator. 
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Figure 1.-1: A schematic diagram for a typical half-cell cathode. The anode 
material is a lithium-foil. Here :r* = 0 is the separator and .r* = L is at cathode 
current collector 
,I: 
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takes place on the surface anode and hence increased the resistances on the surface 
of anode particle. Safari et al. [77] simulated the ageing phenomena in a commercial 
graphite/LiFeP0-1 cell. 
The effects of intcrionic drag in non-dilute solution has been incorporated into Newman 
framework [60] but requires the model to be calibrated again experimental electrolyte 
data. An example of snch data is found in the \\·ork of Ricmcrs ct. al [90] which mca;mrcs 
conductivity, diffusivity and transference number as function of ions concentration in the 
electrolyte LiPF6 in 1:1 EC:Dl\IC. Fuller, Doyle and Newman [28, 36] incorporated the 
effects of the chemical activity in the electrolyte into their modelling framework. 
Recent work has shown that performance of Lithium ion battery can he imprm·ed 
through emphasis on engineering the microstructural architecture of the electrodes see 
[41, 83, 39]. Typically the effects of the microstructure in macroscopic models, such 
as Newman's [58], a.re represented by a few phenomenological parameters which can 
be crudely related to the properties of the microstructure. A more systematic ap-
proach, that is capable of relating the geometry of the microstructure coefficients in 
the macroscopic model, has been developed by Richardson et.al [7 4] in the case of dilute 
electrolytes. Herc we shall extend this method to a moderately concentrated electrolyte. 
Solutions to a battery model based 011 a dilute electrolyte model m which Lithium 
diffusion in the electrode particles is extremely fast are discussed in Chapter 2. In 
Chapter 3 we discuss au electrolyte model of a moderately concentrated electrolyte aud 
fit the model to real electrolyte diffusion, conductivity and transference number data. 
In Chapter 4, we discuss the application of homogenisation techniques to a model based 
on the moderately concentrated electrolyte model discussed in Chapter 3. In Chapter 5, 
we discuss Lithium transport in electrode particles (in particular the LiFeP04 and the 
LiC6 electrode materials), this is crucial for understanding intercalation. In Chapter 6, 
we discuss the numerical method that we use to solve the homogenised model presented 
in Chapter 4. Solutions to the model are compared against experimental data for half-
cell Li.rCG (graphite) anodes (Chapter 7) and half-cell LiFePO-t cathodes (Chapter 8). 
Finally, \\·e draw our conclusions in Chapter 9. 
1.6.1 Statement of originality 
Here, we highlight the original parts in this study. In Chapter 2 we obtain new :mlu-
tions of battery model in dilute electrolyte theory. In Chapter 3, we review the existing 
moderately concentrated electrolyte model (originally formulated in [59]) and highlights 
some errors and giw corrections. In Chapter 4. we extend the results of the homogeni-
sation in [74] to a battery model in moderately concentrated electrolyte. The numerical 
procedure dew loped in Chapter 6 t.o solw battery problems is ne\\· and is wry efficient. 
The results in Chapter 7 follow the work of Srinivasan and Newman [85] for a half 
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cell anode but are significantly extended and proYide considerably better agreement to 
experimental data. The results for the half cell cathode in Chapter 8 arc all new. 
Chapter 2 
Dilute electrolyte modelling of 
battery 
2.1 Introduction 
In this section we develop a battery model based on dilute electrolyte theory. \Ve start 
in §2.2, by disrnssing a model for a dilute electrolyte. \Ve then discuss lithium transport 
between the electrolyte and the electrode particles in §2.3 before briefly discussing trans-
port in the electrode partieles in §2.4 and illustrating how homogenisation can be used 
to derive a model on the scale of the battery model in §2.5. In §2.6 and §2.7 we deriYe 
some solutions to this battery scale model that illustrate the behaviour of a certain class 
of cell. 
2.2 Derivation of a model for a dilute electrolyte 
The Nernst-Planck theory has been used to describe a sufficiently dilute ek>ctrolyte [60]. 
This theory describes conservation equations for the ionic species that diffuse by ionic 
concentration gradient and adYect by an elec-tric field. Here we discuss the derivation of 
battery model in a dilute electrolyte, which previously has been described in Richardson 
et al. [74]. 
The general conservation of mass equation for two species, cO!l{'entrations c~ and c; (mo! 
m-:3), that diffuse independently are 
ac; * 0 
-+\7·q· = 8f* I for i = n.p. (2.1) 
where qj is the ion flux of species i. The second equation is Fick"s Law of diffusion which 
states that the diffusiYe flux is proportional to the concentration gradient. Here Dn and 
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